There is growing evidence that the reproductive schedules of female mammals can be affected by conditions experienced during early development, with low parental investment leading to accelerated life-history strategies in the offspring. In humans, the relationships between early-life conditions and timing of puberty are well studied, but much less attention has been paid to reproductive behaviour. Here, we investigate associations between early-life conditions and age at first pregnancy (AFP) in a large, longitudinally studied cohort of British women (n ¼ 4553). Low birthweight for gestational age, short duration of breastfeeding, separation from mother in childhood, frequent family residential moves and lack of paternal involvement are all independently associated with earlier first pregnancy. Apart from that of birthweight, the effects are robust to adjustment for family socioeconomic position (SEP) and the cohort member's mother's age at her birth. The association between childhood SEP and AFP is partially mediated by early-life conditions, and the association between early-life conditions and AFP is partially mediated by emotional and behavioural problems in childhood. The overall relationship between early-life adversities and AFP appears to be approximately additive.
INTRODUCTION
There is growing evidence that the reproductive schedules of female mammals can be influenced by conditions experienced during early development. For example, female rats whose mothers are kept under caloric restriction during pregnancy reach puberty earlier than controls [1] . Similarly, rat pups that receive low levels of maternal licking and grooming post-birth reach sexual maturity earlier and copulate more indiscriminately than those receiving more maternal attention [2, 3] . Female rhesus monkeys (Macaca mulatta) that experience poor maternal care develop an increased interest in infants during the juvenile period, suggestive of accelerated reproductive schedules [4] . Effects of this kind may have an adaptive basis, since low parental investment may either constrain the phenotype attainable as an adult, and thus alter the individual's optimal life-history strategy, or else carry information about the prevailing ecological conditions. Thus, natural selection may have favoured mechanisms for facultative acceleration of reproductive scheduling in response to early adversity (for a number of discussions along these lines with slightly different emphases, see [5] [6] [7] [8] [9] [10] ).
These mechanisms may be conserved in humans. Many studies have found associations between low birthweight in girls and subsequent accelerated maturation [11 -16] , or between low parental investment in the first five years post-birth and subsequent accelerated maturation [6,10,17 -23] . These studies are by necessity correlational rather than experimental, and thus the main difficulty has been demonstrating that the effects of childhood conditions effects are causal, rather than, for example, there being some genetic correlation between parental investment behaviours and offspring reproductive schedules [24] . However, evidence from some genetically informative study designs [25] and natural experiments [26] suggests that the effects may be at least partly causal (though see [27 -29] ). Belsky et al. [6] suggested that the post-birth effects might be specifically mediated by childhood emotional symptoms: girls receiving low levels of parental investment in early life would develop more emotional and behavioural problems in childhood, and these problems would be associated with faster subsequent reproductive schedules.
Previous studies of the associations between early conditions and reproductive maturation in humans have almost all used age at puberty as the outcome variable, sometimes in conjunction with other measures such as age at first sexual activity. There are far fewer studies which go on to examine the actual schedule of childbearing itself. Ellis et al. [30] and our own earlier study [31] are partial exceptions, in that they examined effects of early conditions on the likelihood of teenage pregnancy, but they did not consider age at first pregnancy (AFP) across the full range of ages. Pesonen et al. [26] examined not only age at first reproduction, but also the total family size and inter-birth intervals in a Finnish cohort who were children during World War II, but their only measure of early-life conditions was whether the child had been evacuated away from parents or not. The other notable exception is a study by Chisholm et al. [32] , which found that early-life stress was negatively associated with age at first childbearing. However, the study used a modest opportunity sample of Australian women, and the early-life measures were based on retrospective recall by the women themselves.
Another feature of the literature on post-birth effects on reproductive development in humans is that paternal effects have received much more attention than maternal effects. This reflects early theories giving fathers a special role in girls' development [33] . However, in non-human mammals, it is maternal effects that have been found to be particularly important [2, 4] , and they are likely to be so in humans too. A strong design should therefore measure both maternal and paternal influences [18, 23] .
In this paper, we use data from a large, longitudinally studied cohort of British women (the National Child Development Study, NCDS) to examine the associations between early-life conditions and AFP. We include all women who had ever been pregnant by age 33, and assess both pre-birth (birthweight for gestational age) and post-birth factors. The post-birth factors studied not only include paternal involvement, but also breastfeeding, separation of the child from mother during the first five years of life, and, as a measure of general family disruption, number of residential moves during early childhood. We will compare the relative strengths of effect of the different predictors, and also examine whether they operate independently and additively. Our dataset has the advantages of exceptional social representativeness (the NCDS cohort consists of all children born in the UK during a particular week in 1958, and two thirds were still in the study after 33 years), detailed socioeconomic indicators, and a genuinely prospective design (the childhood variables were collected during childhood, and have subsequently been linked with the later-collected data on AFP, thus avoiding any issues of recall bias).
We predict that low birthweight for gestational age (BGA), lack of breastfeeding, separation from mother, residential disruption and lack of paternal involvement will all be associated with earlier first pregnancy. We initially test this prediction with no other factors controlled for, and then, in a second model, add in childhood socioeconomic position (SEP) and the cohort member's mother's age at birth, as controls. Each of these is likely to covary with AFP, since there are strong socioeconomic gradients in age at reproduction in developed populations [34] , and there are also suggestions in the literature of intergenerational transmission of age at childbearing [35, 36] . This second analysis is conservative, since SEP and early-life conditions are not necessarily alternative explanatory factors for variation in reproductive timing. Rather, the effect of low childhood SEP on reproductive behaviour may be mediated by harsher early-life conditions [34] . We thus additionally use structural equation modelling to examine whether adverse early-life experiences mediate the relationship between SEP and AFP, and also to test the proposal of Belsky et al. [6] that the relationship between adverse early-life experiences and AFP will itself be mediated by childhood emotional and behavioural problems.
METHODS (a) Sample
The NCDS is an ongoing longitudinal study of all people born in the UK between 3rd and 9th March 1958 (initial n ¼ 17 416), augmented by those who immigrated into the UK between 1958 and 1974 and had a birth date in the target week. The cohort has been repeatedly surveyed at irregular intervals in the years since 1958, and the data include parental and school reports, perinatal health records, physician assessments and interviews with the cohort members themselves. We consider here only women who were still in the study at age 33 (1991) . There was considerable sample attrition between childhood and 1991, but the probability of attrition was unrelated to the early-life conditions we measure (see electronic supplementary material). Our sample of 4553 women includes only those who gave a valid year for their first pregnancy in NCDS variable n502 023, which is 78 per cent of women still in the study at 1991. The remainder had either not been pregnant by this age, or had not provided the relevant information.
Most of the variables studied contain around 10 per cent missing values, owing to non-response or coding as 'other'. We dealt with these using the multiple imputation procedure of SPSS v. 17.0 [37] . In this procedure, multivariate regression is used to produce a parametric model for the missing values, and five complete versions of the dataset are created by Monte-Carlo draws from the conditional probability distribution of missing values given the observed ones [38] . The analyses presented here are based on the pooled results from the five versions of the dataset. Replacing missing values with means or medians instead of using multiple imputation produces almost identical results.
(b) Measures
We converted the year of the woman's first pregnancy into a chronological age, to give the AFP variable. Note that an AFP of 25 means that a woman was first pregnant in the calendar year of her 25th birthday, rather than in the interval beginning with her 25th birthday and ending with her next birthday. We considered the following measures of early-life conditions: birthweight for gestational age (BGA), breastfeeding received (BFD), longest period of separation from mother in the first seven years, involvement of father in management of the child in the first seven years (PAT) and number of family residential moves in the first seven years (MOV). BGA was calculated from the original birthweight and gestational age reports as outlined in Nettle et al. [31] . For the statistical analysis (though not for the creation of figure 1), the other early-life conditions variables were recoded into dichotomies, with 0 representing high investment or undisrupted conditions, and 1 representing low investment or disrupted conditions. The electronic supplementary material provides descriptive statistics, details of recoding and numbers of missing values for each of the variables.
To measure childhood SEP, we used three variables: paternal social class in 1958, which was assessed using the registrar general's fivefold classification of occupations, cohort member's mother's age at leaving education and the proportion of fathers in the child's school class at age 7 who had non-manual occupations (defined as classes I, II and non-manual class III). These three variables covary strongly, so we used principal components analysis to extract a single underlying factor. This factor accounted for 55-56% of the total variation in all five imputations, with each of the three variables loading on it between 0.7 and 0.8. Scores were saved using the regression method, and these scores constitute the SEP variable for each woman. We also measured the cohort member's mother's age at the time of the cohort member's birth (MAG). Note that this variable is not identical to the cohort member's mother's age at her first birth, a datum, which is unfortunately not available for the whole sample. However, we also repeated key analyses for the subset of girls who were their mother's first pregnancy, and for whom, therefore, mother's age at her birth is mother's age at first birth (see electronic supplementary material).
Emotional and behavioural maladjustment in childhood (EBM) was assessed by schoolteachers when the girls were 11, using items from the Bristol Social Adjustment Guides [39] . These consist of ratings on 12 dimensions (unforthcomingness, withdrawal, depression, anxiety about acceptance by adults, hostility towards adults, writing off adults and standards, anxiety about acceptance by children, hostility towards children, restlessness, inconsequential behaviour, miscellaneous symptoms and miscellaneous nervous symptoms), which are here summed to give an overall score (higher score ¼ more EBM). EBM scores were highly skewed, and so we square-root transformed them for analysis.
(c) Analysis
In a first analysis (model 1), we used a general linear model to investigate whether each of the five early-life conditions variables significantly predicted AFP, with BGA as a covariate and BFD, SFM, PAT and MOV as factors. Subsequently, we added SEP and MAG as covariates (model 2). If the early-life conditions variables continue to have significant predictive power, this suggests that the relationships are not spurious artefacts of differences in SEP. Finally, we fitted a structural equation model (using maximum-likelihood estimation) to test whether the early-life conditions variables mediate the relationships between childhood SEP and AFP, and whether EBM in childhood mediates between early-life conditions and AFP. All statistical analyses were performed in SPSS v. 17.0 [37] , apart from the structural equation modelling, which used AMOS v. 17.0 [40] .
RESULTS
The first analysis (model 1 in table 1) contained AFP as the outcome variable, and the early-life conditions variables as the predictors. As the table shows, all five predictors had significant effects in the predicted directions. The parameter estimates can be interpreted as the change in AFP associated with shifting from one value of the predictor to the other (or, in the case of BGA, increasing BGA by one standard deviation). Thus, for example, low paternal involvement (PAT) is associated with a reduction of 0.74 years in AFP, all else being equal and separated from mother under five is associated with a reduction of 0.64 years.
The second analysis (model 2 in Marginal means (+1 s.e.) of age at first pregnancy, adjusted for childhood socioeconomic position and mother's age at cohort member's birth (a) by breastfeeding received (none, less than one month, more than one month), (b) by longest separation from mother in first five years of life (none of more than one week, less than one month, 1-6 months, 6 -24 months, more than 24 months), (c) by paternal involvement in first seven years (inapplicable, leaves to mother, significant, equal to mother), and (d) by number of family residential moves in the first seven years (none or one, two or more).
effect of childhood SEP, with every standard deviation of SEP associated with 0.89 years' delay in AFP. There is also an effect of cohort member's mother's age at cohort member's birth, with women whose mothers were older at their birth in turn having their children later. The effect of BGA becomes non-significant with the additional covariates entered, and that of BFD becomes borderline (p ¼ 0.07). However, the effects of the other early-life conditions variables remain significant with their strengths only mildly attenuated. For example, the parameter estimate for PAT is reduced from 0.74 to 0.66 years. Figure 1 shows the marginal means for AFP, controlled for SEP and MAG, associated with each level of the early-life conditions variables (here, the variables have been left in their original coding rather than made into dichotomies in order to get a better visual sense of the nature of the associations). To examine the potentially cumulative effect of early-life exposures, we computed an index of early-life adversity (ADV). This was simply the sum of BFD, SFM, PAT and MOV. Since each of these variables is coded so that 1 represents the low investment or high disruption situation, and 0 represents the alternative, the index is a measure of how many of the adverse conditions the cohort member was exposed to (0 -4). We used a general linear model to calculate marginal means and 95% confidence intervals for AFP for each value of ADV, adjusted for SEP and MAG. The results are shown in figure 2 . Each additional exposure is associated with an earlier AFP, in an apparently additive fashion, though the standard error for four exposures is large because of the small number of cases.
Finally, we fitted a structural equation model to the relationships among the study variables. The model reveals a plethora of significant associations between family background, ADV and emotional and behavioural problems in childhood ( figure 3 ). EBM has a significant negative association with AFP. SEP has a direct association with AFP, and also indirect ones via ADV and EBM. ADV has a direct association with AFP, and also an indirect one via EBM. These mediation pathways are, however, weak (table 2) . Thus, only a small proportion of the covariance of childhood socioeconomic status and younger AFP can be explained by children of lower SEP experiencing harsher early-life conditions, and only a small proportion of the covariance of earlylife conditions and AFP can be explained by harsher early-life conditions being associated with greater EBM in childhood.
DISCUSSION
In this cohort of British women, the early-life factors low birthweight for gestational age, short duration of breastfeeding, separation from mother, lack of paternal involvement and frequent residential moves are all independently associated with earlier first pregnancy. Adjusting for childhood socioeconomic position and the cohort member's mother's age renders the effect of low birthweight for gestational age non-significant, but all the post-birth effects remain significant or borderline. The early-life exposures appear to operate approximately additively ( figure 2 ). This echoes a finding by Coall & Chisholm that early-life stressors have an approximately additive negative relationship with age at menarche ( [20] , figure 1 ). The effect sizes are not trivial, with each additional exposure associated with first pregnancy nearly half a year earlier on average. Table 1 . Results of general linear models predicting age at first pregnancy (AFP) from developmental conditions variables (BGA, birthweight for gestational age; BFD, short breastfeeding; SFM, separation from mother; PAT, low paternal involvement; MOV, residential moves in childhood), childhood socioeconomic position (SEP), and cohort member's mother's age at birth (MAG). Parameters estimates and their confidence intervals are pooled from across all five imputations of the dataset. Marginal means (+1 s.e.) of AFP (adjusted for childhood SEP and mother's age at cohort member's birth) according to the number of early-life adversities the cohort member was exposed to, from short breastfeeding, separation from mother, lack of paternal involvement and frequent family residential moves.
The findings with respect to lack of paternal involvement are consistent with several others that have found earlier menarche or sexual activity, or greater likelihood of teenage pregnancy, in girls from father-absent households (e.g. [17, 25, 30, 41] ), but extends these findings by showing that the whole distribution of AFP is shifted by paternal involvement. The association with separation from mother which we observed is comparable to the finding by Pesonen et al. [26] that evacuation away from parents during childhood was associated with earlier childbearing (though their effect was significant only in men), and also with recent findings that adoption from birth family is associated with increased likelihood of precocious puberty [42] . The effect of a separation of 6-24 months in the first five years was, unexpectedly, stronger than that of a separation of more than 24 months (figure 1). A possible explanation is that the group with a separation of more than 24 months includes many individuals who were permanently and stably adopted into a new family, whereas the 6-24 month group includes many girls who had ongoing but intermittent relationships with their birth mothers. In accordance with this possibility, the parent interview at age 7 was completed by the birth mother in 72.7 per cent of cases for the '6-24 month separation' group, but only 5.4 per cent of cases for the 'More than 24 month' separation group, for whom the modal respondent was an adoptive or foster mother. Thus, it may be that stable adoption has similar consequences to the family being intact, whereas intermittent or insecure relationships are associated with accelerated reproductive schedules.
The association between low birthweight for gestational age and reproductive schedule is in the predicted direction, but weak, and does not survive control for SEP and maternal age. This concurs with our previous findings on teenage pregnancy, where birthweight effects were found but were small and not robust [31] . However, this does not mean that in utero conditions are not associated with later reproductive schedules. Rather, birthweight for gestational age is likely to be a relatively crude proxy for those aspects of foetal experience, which are associated with adult phenotype [43] .
In addition to the associations that were our main focus, we observed powerful influences of childhood SEP and maternal age at cohort member's birth on the cohort members' ages at first pregnancy. The maternal age effect could suggest either heritable genetic influence on reproductive schedules [44] , or else vertical cultural transmission of childbearing behaviour [45] . Alternatively, there may be unmeasured intergenerational continuities in the social environment that evoke similar behaviour in mothers and their daughters. The effect of SEP was predictable given the strong socioeconomic gradients in age at first childbearing in the UK [34] . However, we expected that there might be stronger mediation of the social gradient by early-life experiences. Although there is a significant mediation pathway from childhood SEP to AFP via earlylife adversity, it is very weak relative to the direct one ( figure 3 and table 2 ). It is possible that more sensitive and comprehensive measures of early-life conditions might produce a larger mediation effect. We also observed mediation of the relationship between early-life adversity and AFP by emotional and behavioural problems in childhood. This effect was predicted by Belsky et al. [6] , and also accords with qualitative evidence of an association between unhappiness in childhood and early childbearing [46] . However, this mediation pathway was also weak, and accounted for only a fraction of the covariation of early-life conditions and reproductive schedule.
One limitation of the study is that not all women who would ever reproduce had begun to do so by age 33, when we measured AFP. However, reproductive onset was generally in the 20s for this generation of the British population, and since a large preponderance of the sample (79%) had been pregnant by 33, this is unlikely to strongly affect the results. A more serious limitation is that the study design does not allow us to separate genetic explanations for the associations (for example, a genetic correlation between maternal breastfeeding behaviour and offspring reproductive schedule), from the hypothesis that the early-life environmental inputs play a causal role. However, including maternal age at cohort member's birth is a partial, albeit imperfect, control for heritable aspects of reproductive strategy, and this does not abolish the early-life associations. (We also tested whether the association between early-life adversity and AFP is robust to control for maternal age in the firstborns only, and it is; see the electronic supplementary material). Moreover, it seems relatively unlikely that the detailed patterns shown for example in figures 1 and 2 could easily be explained by genetic correlations alone. The idea that harsh conditions very early in life might cause acceleration of reproductive schedules as an adaptive response has developed somewhat independently in behavioural ecology, where these phenomena are described as maternal or parental effects [9, 47] , in developmental biology, where they are referred to as developmental programming or developmental induction [5, 48] and in developmental psychology [6] . This study adds to the accumulating evidence that the mechanisms of developmental plasticity that have been studied experimentally in other species could work in similar ways in humans, and might exert powerful influences on reproductive behaviour, even in an industrialized, low-fertility population. Exactly how the early-life influences lead to earlier pregnancy, if they do, requires further investigation. Our previous study of this cohort showed that by age 16, girls can state personal ideal ages for parenthood, and that these goals correspond fairly well to their subsequent behaviour [31] . Early-life experiences may contribute to the setting of these goals, as well as to the tempo of physical maturation. If so, we need to unravel the exact epigenetic [48] , physiological [43, 49] and psychological mechanisms by which this happens.
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